Abstract: Abstract: Abstract: Abstract: Abstract: The present paper is the first work to determine the effect of lipopolysaccharide (LPS) in the pilocarpine model of epilepsy on the morphology of rat hippocampal astrocytes in vivo. The study involved adult male Wistar rats, which 72 hours prior to administration of pilocarpine hydrochloride (PILO) were intraperitoneally (ip) preconditioned with LPS at a dose of 0.5 mg/kg b.w. The control animals were administered (ip) saline or LPS alone. The astrocytes in the control animals displayed characteristic stellate morphology. Examinations of the astrocytes were performed on days one, three and 21 of the pilocarpine model of epilepsy (i.e. in the acute, silent and chronic periods). The astrocytes of the CA1 and CA3 pyramidal layers of the hippocampus were observed and analyzed at the structural and ultrastructural levels. It was demonstrated that on days one and three, glial cells from both the nonpreconditioned and the LPS-preconditioned animals displayed similar reactive changes, manifesting themselves as swelling of cell bodies, glial processes, and astrocytosis. Moreover, reduction in cell organelles aggregated at one pole and the presence of vacuoles were observed. The most pronounced astrogliosis and cell swelling occurred on day 21. We conclude that LPS has no effect on the morphology of astrocytes in the pilocarpine model of epilepsy, unlike the results obtained by other authors in vitro.
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Investigations of hippocampal astrocytes in lipopolysaccharide-preconditioned rats in the lipopolysaccharide-preconditioned rats in the lipopolysaccharide-preconditioned rats in the lipopolysaccharide-preconditioned rats in the lipopolysaccharide-preconditioned rats in the pilocarpine model of epilepsy pilocarpine model of epilepsy pilocarpine model of epilepsy pilocarpine model of epilepsy pilocarpine model of epilepsy Jadwiga JaworskaJadwiga JaworskaJadwiga JaworskaJadwiga JaworskaJadwiga Jaworska-A A A A Adamu damu damu damu damu 1 Unlike neurons, astrocytes are more resistant to various sources of damage to the central nervous system (CNS). Recently, there has been growing interest in the glial cells, as they may play a key role in the epileptogenic process. Long-term investigations have failed to determine whether the enhanced activation of astrocytes is a favorable phenomenon, or whether it enhances neuronal changes in various pathological conditions [1, 2] . The cells in question play numerous neuroprotective roles: they maintain ion homeostasis and appropriate concentration of neurotransmitters in the extracellular space. They also participate in synaptic transmission, fulfil trophic functions, and regulate the blood/brain barrier function [3] . During epileptic seizures, sharply increasing glutamate concentration in the extracellular space has a neurotoxic effect, and ion (especially calcium) homeostasis and energy metabolism are disturbed [4] . Excitotoxic neuronal death J Jaworska-A A A A Adamu et al. [5, 6] . And when substantial amounts of glutamate are accumulated in the extracellular space, the activated astrocytes enhance neurotoxicity by cytokine and nitrogen oxide production. Pathological factors induce immediate morphological and functional changes in the cells, which have been referred to as 'reactive astrocytes'. This is manifested as hypertrophy i.e. swelling of glial cell bodies and processes aimed at compensation of the changes in the extracellular environment. Shortterm swelling may be a transient and reversible phenomenon, whereas long-term swelling may lead to astrocyte death. When detrimental factors operate over a longer period, astrocytes may acquire new traits related to the synthesis of numerous proteins. This phenomenon is referred to as hyperplasia. Long-term morphological changes in astrocytes may induce proliferation i.e. astrogliosis, and migration of these cells into damaged neurons [7] . The morphology of astrocytes has been characterized and compared in the acute and chronic period of various models of epilepsy. Considerable astrogliosis has been reported on days 1-3 and in weeks 2-3 after administration of pilocarpine and kainic acid (KA). Two to three weeks after KA injection into the hippocampus, increased immunoreactivity of the glial fibrillary acidic protein (GFAP) was observed. Normal astrocyte morphology was shown after 90 days in KA-induced epilepsy [8] .
We ourselves have found that short-term LPS preconditioning may increase neuronal tolerance to subsequent damage (unpublished data). However, the function of hippocampal astrocytes after preconditioning with the bacterial LPS endotoxin in the pilocarpine epilepsy model in animals has not been investigated to date. Thus, the aim of our study was to examine the morphology of astrocytes of the CA1 and CA3 pyramidal layers of the hippocampus after LPS--preconditioning, and to compare it to the morphology in non-preconditioned and control animals.
Material and methods

The experiments were performed on 144 adult male Wistar rats (180-240 g) purchased from the Animal Breeding Laboratory (Warsaw, Poland). The animals were kept under controlled light and temperature conditions (12 hours light/12 hours dark cycle; 20-21°C), with free access to water and food for two weeks prior to the experiment and during the experiment.
The experiment was carried out according to the Polish government regulations concerning experiments on animals (Dz.U. 97.111.724) and the European Community Council Directive of 24 November 1986 (86/609/EEC). All efforts were made to minimize animal suffering and the number of animals required. The protocols were approved by the First Local Ethical Committee in Lublin (374/2002).
The control groups consisted of 48 animals. One control group was intraperitoneally (ip) given a solvent (saline), while the second group (preconditioned rats) was administered LPS (Sigma) at a dose of 0.5 mg/kg b.w. In two experimental groups (96 animals), seizures were induced by intraperitoneal administration of single dose pilocarpine hydrochloride (PILO, Sigma, 380 mg/kg b.w.). In order to avoid discomfort caused by peripheral muscarinic receptor activation, all the animals had previously been treated with scopolamine methylbromide (Sigma, 1 mg/kg b.w. sc, 30 minutes before PILO injection).
Half of the experimental rats were pharmacologically preconditioned with LPS at a dose of 0.5 mg/kg b.w., 72 hours before PILO injection. Mortality after PILO seizures was about 20%. The animals which survived were anesthetized with ip 50 mg/kg b.w. Nembutal (Abbott, England) after days 1, 3 and 21. On the basis of changes in the animals' behavior, there are three characteristic periods of status epilepticus (SE). The acute period persists to 24 hours, the silent period from 24 hours to five days, and the chronic period from five to 51 days [9] [10] [11] .
Light microscopic investigations. Light microscopic investigations. Light microscopic investigations. Light microscopic investigations. Light microscopic investigations. The animals were perfused via the left ventricle with freshly prepared 4% paraformaldehyde. The hippocampus was removed and routinely immersed in paraffin, and then dissected (4,230--3,750 μm, according to the atlas of König and Kippel [12] ) on the microtome into 10 μm slices, which were subsequently stained with cresyl violet. All the samples were observed and photographed under the Axiolab light microscope (Zeiss).
Electron microscopic investigations. Electron microscopic investigations. Electron microscopic investigations. Electron microscopic investigations. Electron microscopic investigations. The rats were perfused via the left heart ventricle with a mixture containing 0.5% paraformaldehyde and 1.5% glutaraldehyde in 0.1 M phosphate buffer pH 7.4. The brains were then removed, immersed in 0.8% paraformaldehyde plus 2.5% glutaraldehyde in 0.1 M phosphate buffer for two hours and dissected into thin sections. After rinsing in cacodylate buffer pH 7.4, the specimens were post-fixed in 1% osmium tetroxide for another two hours, then dehydrated in graded alcohol-acetone solutions and embedded in Spurr. Ultrathin sections were cut with a glass knife on microtome RMC MT-XL (Tucson, AZ, USA), collected on cooper grids and contrasted Normal astrocyte morphology was observed in the pyramidal layer of the hippocampal fields CA1 and CA3 in the control animals, and those preconditioned with LPS alone. Glial cells were located in the vicinity of the cell bodies of the pyramidal neurons; they displayed stellate shapes and had nuclei in the central part of the light cytoplasm ( Figures 1A, 2A) .
After days 1 and 3 of the pilocarpine epilepsy model, reactive (mainly hypertrophic) astrocytes were observed in the pyramidal layer of the hippocampal fields CA1 and CA3 in the non-preconditioned and LPS-preconditioned rats. The majority of the analyzed astrocytes displayed swelling of the light cell bodies adjacent to the pyramidal neurons which preserved a normal structure. In the large nuclei of some glial cells, the presence of chromosomes indicated mitotic divisions ( Figure 1B) . Moreover, on day 3, single shrunk neurons with dark cytoplasm surrounded by light, swollen astrocyte processes were present in the pyramidal layer of fields CA1 and CA3 in the non-preconditioned animals.
On day 21 of the pilocarpine epilepsy model, the biggest changes in the CA1 and CA3 field astrocytes were observed in the non-preconditioned and in LPS--preconditioned animals, compared to the other rat groups. These glial cells displayed hypertrophy, which was manifested in swelling of the bodies, glial processes and, occasionally, of the cell nuclei. In most of the study cells, the light cytoplasm contained two, or even three, spherical cell nuclei, which implied intense gliosis. Hypertrophic reactive astrocytes adhered to normal and morphologically changed neurons. In LPS--preconditioned animals, fewer changed neurons were observed (data not reported) ( Figures 1C, 2B, 2C) .
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In the control and LPS alone preconditioned animals in the pilocarpine epilepsy model, the astrocytes in the pyramidal CA1 and CA3 layers had a normal ultrastructure. The small amount of electron-light cytoplasm contained the rough endoplasmic reticulum, mitochondria. In the central part of the cells there was an oval or round cell nucleus with chromatin accumulated at the envelope ( Figure 3A) .
In the non-preconditioned and LPS-preconditioned rats, most hypertrophic astrocytes with swollen bodies were observed in the pyramidal layer of fields CA1 and CA3 on days 1 and 3 of the pilocarpine epilepsy model. The cytoplasm of the swollen astrocytes displayed considerable reduction in the cell organelles. The heterochromatin in the oval and round nuclei was clustered beneath the nuclear envelope. On days 1 and 3, in both the non-preconditioned and the LPS-preconditioned animals, preparation for divisions was visible in some astrocytes, where chromosomes were seen in the nuclei. Additionally, numerous cells contained vacuoles of various volumes (Figures 3B, 3C) .
On day 21, similar changes were still observed in the astrocytes of the non-preconditioned and LPS--preconditioned rats in the pilocarpine epilepsy model. The cell bodies were still swollen, and the light cytoplasm contained numerous vacuoles. The mitochondria were characterized by electron-dense matrix, and the endoplasmic reticulum cisterns were reduced. Astrocytosis involving mutual adherence of the young astrocytes was frequently observed in the microscopic images ( Figure 3D ).
Discussion
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Our study revealed that administration of LPS alone did not induce changes in the morphology of astrocytes of the CA1 and CA3 pyramidal layers of the hippocampus. Recent in vitro studies have demonstrated that, 72 hours after LPS had been added to the incubation medium, astrocytes in the mouse forebrain lost their flat shape and became typical, activated stellate cells with elongated processes and acquired new traits, i.e. they displayed expression of the glial fibrillary acidic protein (GFAP). Furthermore, LPS contributed to enhanced activity and expression of the glial membrane excitatory amino acid transporter GLT-1 (EAAT2) [13] , which indicates that increased expression of the astrocytic GLT-transporter protects neurons against the toxicity of excess glutamate in the extracellular space. LPS alone administered to animals may activate astrocytes to produce and release growth factors, e.g. the nerve growth factor (NGF), the brain-derived neurotrophic factor (BDNF), the glial-derived neurotrophic factor (GDNF), the fibroblastic growth factor (FGF2) and other proteins. It has been suggested that glial cells have a neuroprotective function in the case of inconsiderable neuronal damage [14] .
Only a few studies performed in vitro on cultured rat astrocytes have demonstrated LPS-triggered stim-J Jaworska-A ulation of these cells to produce the tumor necrotic factor (TNF) and of interleukin 1 (IL 1) and interleukin 6 (IL 6) genes. Increased pro-inflammatory cytokine production displayed by these cells may play a crucial role in the pathogenesis of some diseases of the central nervous system induced by interaction between the nervous and the immune systems. It is assumed that astrocytes may enhance neuronal degenerative changes through release of pro-inflammatory cytokines [15, 16] . During epilepsy, astrocytes may be activated before neuron degeneration takes place. It has not been determined whether neuron degeneration is a primary factor in astrocyte activation or vice versa. In the reactive astrocytes of the entorhinal cortex, hippocampal field CA1 and amygdaloid nuclei, GFAP and vimentin immunoreactivity in immature astrocytes increases before degenerative changes in the neurons occur. This supports intense glia proliferation. Also, the changes in astrocytes are believed to be related to inhibited neuronal activity [17] .
Our own study revealed similarities in the astrocyte morphology in the pyramidal layer of hippocampal fields CA1 and CA3 on days 1 and 3 in the nonpreconditioned and LPS-preconditioned animals in the pilocarpine model of epilepsy. In both cases, swelling of the glial bodies and processes, loss of cell organelles and astrocytosis were observed. Figure 3 . Figure 3 . Figure 3 . This suggests that reactive astrocytes respond with almost immediate swelling, i.e. with hypertrophy and proliferation. Astrogliosis may affect regulation of homeostasis in the extracellular space. Markedly increased aquaporin 4 expression in the membrane water channels was shown in these glial cells after ischemia. The swelling of the astrocytes observed very early after both pilocarpine epilepsy and preconditioning may improve the encephalon water metabolism. Numerous factors, such as a high glutamate level, high concentration of potassium ions, lactic acid and free oxygen radicals, contribute to astrocytic swelling [18] [19] [20] .
In status epilepticus (SE), i.e. approximately on days 1-3, immediate activation of astrocytes and microglia [8] and similar astrogliosis were demonstrated after KA administration to the rat hippocampus [21, 22] . Two to three weeks after KA application, the astrocytes displayed changed morphology, but there were no changes after 90 days. In contrast, young astrocytes were present in the pilocarpine-induced experimental epilepsy model after 60 days [8] .
In our own study, on day 21 we observed numerous mitotic divisions and swollen bodies of young astrocytes in the preconditioned and non-preconditioned animals in the pyramidal layer of hippocampal fields CA1 and CA3.
We conclude that LPS, as demonstrated in our own studies, does not substantially affect the morphology of astrocytes. This contradicts the results obtained by other authors in vitro on cultured rat astrocytes with LPS added to the incubation medium. 
